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i n t e r f a c e . No prononnced intermediate l a y e r (e.g., oxid, s p i n e l ) conld be determined between t h e two c o n s t i t n e n t s n e a r t h e i n t e r f a c e .
Small d e v i a t i o n s from t h e e x a c t o r i e n t a t i o n of t h e i n t e r f a c e a r e accommodated by f a c e t s . The d i f f r a c t i o n p a t t e r n revealed prononnced s t r e a k s c l o s e t o t h e d i f f r a c t i o n s p o t s of Nb. The shapes and p o s i t i o n s of t h e s t r e a k s may allow t h e d e t e r m i n a t i o n of t h e width of t h e d i s t o r t e d region.

I n t r o d n c t i o n
Ceramics a r e p o t e n t i a l candidates f o r high technology engineering components. Freqnently, t h e ceramics mnst be connected t o a m e t a l l i c component which r e q u i r e s a bonding of t h e metal t o t h e ceramic p a r t n e r . Therefore. it i s n o t o n l y of s c i e n t i f i c b n t a l s o of t e c h n o l o g i c a l i n t e r e s t t o nnderstand t h e bonding mechanisms a t metalfceramic i n t e r f a c e s . It i s known t h a t t h e bonding governs t h e mechanical p r o p e r t i e s of t h e j o i n t s .
To nnderstand t h e bonding mechanisms d i f f e r e n t i n v e s t i g a t i o n s a r e reqnired. F i r s t l y , i t must be determined i f a chemical r e a c t i o n l a y e r between t h e m e t a l l i c and the ceramic component was formed d a r i n g t h e bonding. Pepper 111 fonnd t h a t snch a n i n t e r m e d i a t e l a y e r is formed a t c e r t a i n i n t e r f a c e s and i n f l u e n c e s t h e mechanical p r o p e r t i e s of t h e j o i n t s n b s t a n t i a l l y . Secondly, t h e s t r n c t n r e of t h e i n t e r f a c e must be determined, i f p o s s i b l e , t o t h e atomic l e v e l . The r e s n l t s of t h e l a t t e r i n v e s t i g a t i o n s can be nsed f o r t h e development of an atomic mode1 and of t h e bonding mechanisms a t t h e i n t e r f a c e and, fnrthermore, f o r a n nnderstanding of t h e p r o p e r t i e s of t h e metallceramic i n t e r f a c e .
I n t h i s paper r e c e n t o b s e r v a t i o n s a r e r e p o r t e d concerning t h e s t r u c t u r e of a niobinmlsapphire (AlZO3) i n t e r f a c e . The o b s e r v a t i o n s a r e performed by high r e s o l n t i o n e l e c t r o n microscopy (HBEM) .
E x~e r i m e n t a i D e t a i l s
Single c r y s t a l s of niobium ( 9 9 . s p u r i t y ) and of alumina ( 9 9 . B -a n r i t y ) were diffusion-bonded f o r t a o honrs i n a dynamical vacuum of 1.3 1 0 Pa nnder a compressive load of 1 0 MPa. Following o r i e n t a t i o n r e l a t i o n s h i p between t h e Nb and A1 0 s i n g l e c r y s t a l s v a s a d j n s t e d w i t h a n experimental accuracy of + 1':
The p r e p a r a t i o n of a t h i n speoimen s n i t a b l e f o r h i g h r e s o l n t i o n TEM i s extremely d i f f i c n l t and r e q n i r e s t h e following s t e p s . A rod (3 mm diameter. rod a x i s II 1001lm 1 1 [2110IA1 O ) must be d r i l l e d out of t h e bonded block and t h e i n t e r f a c e 2 3
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1985415 mnst l i e i n the c e n t e r of *the rod with the plane of the i n t e r f a c e p a r a l l e l t o the rod a x i s . Discs (thickness 0.2 mm) mnst be c n t off t h e rod by nsing a diamond blade saw. Snbsequently, the d i s c s have t o be polished t o a thickness of -100 pm.
The c e n t r a l area of t h e specimen i s then thinned mechanically t o a thickness of -1 0 pm by dimpling . F i n a l l y , t h e specimens must be ion-thinned with low energy argon ions (3 keV). Dnring ion-thinning t h e specimen i s kept a t l i q u i d N 2 temperatnre t o reduce contamination a t the specimen surface and a l s o t o rednce r a d i a t i o n damage. A 1 nm t o 2 nm t h i c k evaporated carbon l a y e r avoids e l e c t r i c a l charging of the specimen dnring t h e observations i n the e l e c t r o n microscope.
The specimen (which included the edge-on NbIA1 0 i n t e r f a c e ) was investigated 2 3 using a JEOL 200CX TEM (high r e s o l u t i o n polepiece). Direct l a t t i c e images (HREM images) conld only be performed of regions where the f o i 1 thickness was smaller than -1 0 nm.
E x~e r i m e n t a l Resnlts
The specimen was t i l t e d i n the microscope so t h a t the i n t e r f a c e and a c e r t a i n crystallographic d i r e c t i o n (10011 and C21101A1~0~ Nb ) were p a r a l l e l t o the incoming e l e c t r o n beam. The alignment of the specimea i a d t o be done extremely c a r e f n l since the HREM micrographs depend s e n s i t i v e l y on small misalignments. A s e l e c t e d a r e s d i f f r a c t i o n p a t t e r n of the b i c r y s t a l i s shown i n Pig. 1. The d i f f r a c t i o n spots of Nb and A1203 can be i d e n t i f i e d and, i n addition, f a i n t s t r e a k s . The l a t t e r a r e marked by arrows on t h e micrograph. The s t r e a k s a r e formed by a region close t o the i n t e r f a c e . It i s expected t h a t from the p o s i t i o n and t h e length of the s t r e a k s 'information on the d i s t o r t i o n s near the i n t e r f a c e can be evaluated. other by -3' (Fig. 1 ) . The misalignment i s observed i n d i f f e r e n t regions of the i n t e r f a c e . 
d i s t o r t i o n occurs only i n regions very c l o S e J t o t h e i n t e r f a c e . S t e p s ( s e e arrow!) can be observed. Foi1 normal of Nb (lower p a r t of micrograph): 10011; f o i l normal of Al O (npper p a r t of micrograph): 121101. 2 3 Fig. 2 r e p r e s e n t s a l a t t i c e image (HREM image) of t h e c r y s t a l l i n e r e g i o n s near t h e i n t e r f a c e . Besides t h e c e n t r a l beam, t h e following r b f l e c t i o n s a r e used f o r imaging: f o u r Il101 r e f l e c t i o n s of Nb, t h e (0112). ( 0 f l S ) . (0314). (0114), (0006) and (0003) r e f l e c t i o n s of Al O 2 3' The l a t t i c e image (Fig. 2) r e v e a l s t h a t t h e i n t e r f a c e l i e s p a r a l l e l t o t h e close-packed plane of A1203. Atomic s t e p s and f a c e t s can a l s o be i d e n t i f i e d . A q u a l i t a t i v e i n s p e c t i o n of Fig. 2 shows t h a t d i s t o r t i o n s of t h e l a t t i c e s ( u s u a l l y t h e Nb l a t t i c e ) a r e o n l y observed v e r y c l o s e t o t h e i n t e r f a c e . At t h e most, f o u r l a t t i c e p l a n e s of t h e c r y s t a l s a d j a c e n t t o t h e i n t e r f a c e a r e s t r a i n e d .
No intermediate o r r e a c t i o n l a y e r (Nb0 ) could be observed i n any of t h e specimens s t u d i e d s o f a r . This r e s n l t i s X i n c o n t r a s t t o t h e observations by
Morozumi e t a l . 131 who observed a n Nb0 l a y e r ( t h i c k n e s s up t o -1 0 pm) between A 1 0 and Nb a t i n t e r f a c e s which n e r e d i f f u s i o n bonded nnder s i m i l a r c o n d i t i o n s a s noSe% above.
Faceting i s observed i f t h e average o r i e n t a t i o n of t h e i n t e r f a c e d e v i a t e s from t h e close-packed planes of Al O3 and Nb (Fig. 3 ) . One f a c e t i s always p a r a l l e l t o t h e close-packed p l a n e s of k O3 while t h e o r i e n t a t i o n of t h e o t h e r s i s u s n a l l y i n c l i n e d w i t h r e s p e c t ( i ) t o t&e close-packed plane and ( i i ) t o t h e f o i l normal. The d i f f e r e n t f a c e t s c a n c l e a r l y be i d e n t i f i e d on Fig. 3b. A q u a n t i t a t i v e i n t e r p r e t a t i o n of t h e HREM micrographs i s not p o s s i b l e by simple inspection. The atomic s t r u c t u r e n e a r t h e i n t e r f a c e can o n l y be determined i f HReM micrographs, taken under d i f f e r e n t focnssing c o n d i t i o n s of t h e o b j e c t i o n l e n s , a r e compared t o computer-simulated images. The simulated images must be c a l c u l a t e d f o r d i f f e r e n t atomic models of t h e i n t e r f a c e and f o r t h e instrumental c o n d i t i o n s of t h e e l e c t r o n microscope ( c f . Spence 141).
1.
Facets a r e observed i f t h e o r i e n t a t i o n is i n Nb and A l 03) deviates from t h e low region; Fig. 38 : high magnif i c a t i o n of a
Discussion
The BREM work done so f a r does not allow a q u a n t i t a t i v e evaluation of t h e atomic s t r u c t u r e near the i n t e r f a c e . However. some of the observations described above can give information on the bonding mechanisms. It can be assumed t h a t the observed s t r u c t u r e represents the e n e r g e t i c a l l y favourable configuration.
The close-packed planes of Nb and A l O a r e not e x a c t l y p a r a l l e l ( s e e Fig. 3 ) . There e x i s t s a systematic d e v i a t i o n of2 3-3' which was a l s o observed by Feldman Cg1 between e p i t a x i a l l y grown Nb f o i l s and the A1203 s u b s t r a t e . The reason f o r t h i s misorientation is not y e t understood.-The s t r e a k s observed on s e l e c t e d are8 d i f f r a c t i o n p a t t e r n (Pig. 1 ) i n d i c a t e t h a t a t h i n l a y e r c l o s e t o the i n t e r f a c e is d i s t o r t e d . However, some of t h e s t r e a k s may be formed by double d i f f r a c t i o n . A detailed explanation of the structure of metallceramic interfaces requires first a quantitative evaluation of HREM micrographs. It is expected that this quantitative evaluation should yield the coordinates of the atoms (ions) close to the interface. In a second step, the observation must be compared to models of metal/ceramic interfaces. It is expected that the pure geometrical models (e.g. the coincidence model) non available may not be sufficient for explaining the structure and energy of metallceramic interfaces.
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